Abstract. The optimal protocol for thoracic radiotherapy (TRT) in combination with chemotherapy in patients with limited-stage small-cell lung cancer (LS-SCLC) remains elusive. The present study aimed to evaluate radiation parameters in association with survival outcomes. A total of 101 patients with LS-SCLC who completed TRT at ≥45 Gy and concurrent chemotherapy were retrospectively reviewed. The median dose and duration of TRT were 50 Gy and 38 days, respectively. The median duration from the start of either therapy to the end of TRT (SER) was 60 days. The median survival for all patients was 26.9 months. The 3-year local control (LC), progression-free survival (PFS) and overall survival (OS) rates were 52.0, 29.5 and 37.6%, respectively, and the 5-year LC, PFS and OS rates were 50.1, 28.3 and 26.7%, respectively. Univariate analysis revealed that patient age, tumor stage, timing and dose of TRT, SER, prophylactic cranial irradiation (PCI), and tumor response were significantly associated with treatment outcomes. Multivariate analysis revealed that stage was the only significant prognostic factor for LC (P=0.011), PFS (P<0.001) and OS (P<0.001). Tumor response (P=0.014), PCI (P=0.007) and SER (P=0.005) were significant predictors of OS. OS was improved in patients who achieved complete response, and their SER was ≤70 days (P<0.001).
Introduction
Small-cell lung cancer (SCLC) usually presents as a bulky conglomerated mass with mediastinal invasion, with approximately two-thirds of patients presenting with metastatic disease at the time of initial diagnosis (1) . Thus, rather than open thoracic surgery, chemotherapy is used as the first-line treatment, even in patients with apparently early-stage lesions. Despite the well-documented chemosensitivity of this tumor type, chemotherapy alone leads to high intrathoracic failure rates; however, a combination of thoracic radiotherapy (TRT) with chemotherapy offers benefits in controlling disease in patients with limited-stage SCLC (LS-SCLC) (2) . Meta-analyses have reported early concurrent TRT as being beneficial in maximizing tumor regression compared with sequential chemoradiotherapy, resulting in favorable survival outcomes (3) (4) (5) .
With respect to TRT protocols, the optimal intensity of radiation dose, including fraction size and total dose, is still not fully determined, despite well-designed clinical trials (6) (7) (8) (9) (10) . Twice-daily TRT at a dose of 45 Gy and once-daily TRT at a high dose of up to 70 Gy in combination with chemotherapy show promising survival outcomes; however, radiation-related esophageal toxicity is remarkably high compared to that associated with a once-daily 45-50 Gy TRT regimen (6) (7) (8) (9) . Despite advances in radiation delivery enabling radiation dose escalation to >60 Gy in 2 Gy fractions (11) , twice-daily TRT at 45 Gy is still considered the standard of care for patients with LS-SCLC (10) .
The superiority of twice-daily TRT at 45 Gy may be explained by the shortened treatment duration and increased biologically effective dose (BED) of radiation, which are important predictors of survival (12, 13) . Currently, panels of National Comprehensive Cancer Network recommend that TRT should Treatment time to the end of thoracic radiotherapy has more predictive power for survival than radiation dose intensity in patients with limited-stage small-cell lung cancer receiving concurrent chemoradiation of more than 45 Gy be administered early, concurrent with the first or second cycle of chemotherapy. However, TRT could be delayed over the second cycle of chemotherapy due to huge tumor burden or poor performance. Thus, we aimed to evaluate the correlation of radiation parameters, such as dose intensity and treatment time, with survival outcomes in patients who had undergone concurrent chemoradiation therapy with curative intent.
Materials and methods
Patient inclusion. The medical records of 101 patients with LS-SCLC treated with definitive concurrent chemoradiotherapy (CCRT) between August 2005 and March 2014 were reviewed. Staging was determined using pretreatment computed tomography (CT), whole-body 18 F-fluorodeoxyglucose positron emission tomography ( 18 FDG-PET), and brain magnetic resonance imaging (MRI). All patients were restaged according to the 7th American Joint Committee on Cancer staging system (14) . Patients who received a TRT dose <45 Gy were not included in this analysis. This retrospective study was approved by the Institutional Review Board of Chonnam National University Hwasun Hospital (CNUHH-2018-181).
Treatments. All patients received either chemotherapy or TRT with chemotherapy on the first day of treatment. All patients received 4-6 cycles of etoposide (100 mg/m 2 per day on days 1-3) and cisplatin (60 mg/m 2 on day 1), administered every 3 weeks. Hematologic toxicity and performance were monitored after each cycle of chemotherapy.
Patients received three-dimensional conformal radiotherapy using the Eclipse Treatment Planning System version 13.0 (Varian Medical Systems, Palo Alto, CA, US). Gross tumor volume (GTV) was defined as the total volume of the primary tumor apparent at the time of planning the first TRT and of the lymph nodes that were initially involved. Clinical target volume (CTV) was defined as GTV plus a minimum 7-mm margin and included the first-echelon draining lymph node station. No elective irradiation was performed on lymph node stations that were not involved. Timing of TRT was determined by the tumor board, and RT dose depended on the treatment protocol. When administering TRT at a 1.5 Gy dose twice-daily (BID), the total dose of 45 Gy was administered in 3 weeks. When the simultaneous integrated boost (SIB) technique was used, a CTV of 36-40 Gy in 1.8-2 Gy fractions and a GTV of 48-65 Gy in 2.2-2.4 Gy fractions were administered. For patients who were administered conventional fractions of 2 Gy, a CTV of 36 Gy and a GTV of 50 Gy were administered using the shrinking field technique. Upon administration of 50 Gy, a follow-up chest CT was conducted and a booster dose of 60-65 Gy was administered to the apparently visible tumor. Prophylactic cranial irradiation (PCI) was performed for patients who consented to the treatment, completed all treatment regimens, exhibited no disease progression, and maintained good performance. The total dose and fraction schedule of PCI was 25 Gy in 10 fractions. Tumor response was re-evaluated using the response evaluation criteria in solid tumors after the completion of chemoradiation (15) .
The BED for TRT was calculated according to following formula (16) : BED=(nd) [ 
where 'n' denotes the number of fractions, 'd' denotes the fraction size, 'α/β' is 10 Gy, 'α' is 0.3 Gy, 'T' denotes the overall duration of TRT with the first fraction administered on day 1, 'T k ' denotes the delay in tumor proliferation ('kick-off time' was assumed to be 21 days), and 'T pot ' the denotes potential doubling time of tumor clonogenic cells, which was set to 3 days for SCLC (17) .
Follow-up and statistics. For the first 2 years after completion of treatment, patients were followed up every 3-4 months. After 2 years, patients were followed up at 6-month intervals. Local progression was defined as tumor recurrence within the radiation port areas. Tumor recurrence beyond the initial treatment site was defined as distant metastasis. We defined elective nodal failure as any regional nodal recurrence, including both supraclavicular lymph nodes outside the initial radiation port area.
Overall survival (OS) was defined as the duration between the first day of treatment and the day of patient death or the date of final follow-up. Progression-free survival (PFS) was defined as the duration between the first day of treatment and the day of detection of any discernible tumor on chest CT, whole-body 18 FDG-PET, or MRI or the day of patient death. Adverse events were defined according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0 (18) . During the follow-up period, physicians observed the respiratory symptoms by physical examination and chest CT was also checked regularly.
Statistical analysis. Kaplan-Meier models were used for survival analysis of all potential factors affecting treatment. To assess the statistical significance of treatment parameters between groups, the Chi-square test was used. With respect to each prognostic and predictive parameter, the log-rank test was used to estimate LC, PFS, and OS rates. To avoid bias, we performed multivariate analysis with treatment factors that were significant with respect to survival outcomes, with a P-value <0.05. The Cox regression model was used for multivariate analysis, and the Cox proportional-hazards model was used to calculate hazard ratios. Statistical analyses were performed using SPSS version 20.0 (IBM). Tumor response (38.6%) exhibited partial response (PR) or stable disease after chemoradiation. PCI was performed in 56 patients (55.4%).
Results

Patient characteristics.
The characteristics of each group of patients according to tumor response are shown in Table II . A lower dose or a BED lower than 50 Gy (P<0.001, P= 0.020, respectively) and short duration of TRT (≤ 40 days, P= 0.020) were correlated with CR.
Treatment outcomes. Median follow-up period for all patients was 26.9 (range, 2.5-162.7) months and median survival was 26.9 months. 3-year LC, PFS, and OS rates were 52.0, 29.5 and 37.6%, respectively. 5-year LC, PFS, and OS rates were 50.1, 28.3 and 26.7%, respectively (Fig. 1) . Local failure occurred in 41 patients (40.5%), and distant metastasis was detected in 54 patients (53.4%). Elective nodal failure was observed in 12 patients (11.8%). Sites of distant metastasis were located in the brain in 28 (27.7%), bone in 11 (10.8%), ipsilateral or contralateral lung in 5 (4.9%), supraclavicular and cervical lymph nodes in 5, liver in 5, adrenal gland in 1, and diaphragm in 1 patients. Grade 3 radiation pneumonitis and esophagitis occurred in 7 (6.9%) and 7 (6.9%) patients, respectively. There were no cases of grade 4 or 5 radiation esophagitis. One patient died due to radiation pneumonitis after 6 months of TRT with a radiation dose of 60 Gy (Table III) . (Table IV) . Multivariate analysis revealed that stage was the only significant factor affecting all treatment outcomes, including LC (P=0.011), PFS (P<0.001), and OS (P<0.001). Other factors, such as SER (P= 0.005), PCI (P= 0.007), and tumor response (P=0.014) were significantly associated with OS (Table V) .
On the basis of multivariate analysis, patients were stratified into subgroups by risk factor, including stage IIIB, non-CR, and SER >70 days. There were significant differences in OS in accordance with the number of risk factors (P<0.001). Patients with 0, 1, 2, and 3 risk factors presented with a 5-year OS rate of 58.7, 23.5, 16.2 and 0%, respectively (Fig. 2) . The 5-year OS rate was 37.3% in patients who achieved CR with SER ≤70 days and 19.7% in the other patients (P=0.019; Fig. 3 ).
Discussion
Prolonged duration of treatment in cancer patients can affect survival outcomes, possibly because of accelerated tumor repopulation. SER significantly affects survival in patients with LS-SCLC (19) . Our data also supported the clinical significance of treatment duration to the end of TRT on survival outcomes. De Ruysscher et al (19) reported that patients with SER <30 days exhibited improved survival. In the present study, we report a statistically significant difference at a cutoff of 70 days. The difference may be due to the heterogeneity of fractionation and timing of TRT in our patient population. This result reflects the importance of early combination of TRT with one or two rounds of chemotherapy (20) . The probability of chemoresistance should be proportional to elapsed treatment time; drug-resistant SCLC is not completely cross-resistant to radiation (21) . Thus, it is a reasonable strategy to start TRT as early as possible to prevent negative outcomes due to chemoresistance (22) . However, in practice, because of the presence of bulky tumors, radiation oncologists hesitate to proceed with the combination of TRT and chemotherapy from the beginning, and usually, TRT is deferred until after chemotherapy, when the tumor regresses. Sun et al (23) reported that delaying TRT to the third cycle of chemotherapy does not result in inferior treatment outcomes compared with administering TRT with the first cycle of chemotherapy (median PFS of 11.2 months for late TRT vs. 12.4 months for early TRT, and median OS of 26.8 months vs. 24.1 months, respectively). In our study, median PFS and OS in patients with SER ≤70 days were 16.5 and 29.4 months, respectively. If TRT was administered within the third cycle of chemotherapy, and if the patients exhibited no side effects necessitating interruption, treatment could be completed within 70 days. Therefore, it may be reasonable to assume that the important predictive factor in patients with LS-SCLC with respect to treatment duration is the completion time of TRT (SER), in addition to initiation of TRT at an early time point. With respect to optimal dosing and fractionation schedules of TRT, several controversies remain. Turrisi et al (9) reported superior survival in LS-SCLC patients with a twice-daily accelerated regimen than in those administered a once-daily 45 Gy dose of TRT. Despite superior survival outcomes, twice-daily TRT has not gained widespread acceptance in routine clinical practice, predominantly because of the high prevalence of clinically significant esophagitis and the logistical problems involved. Thus, dose escalation studies with once-daily TRT in 2 Gy fractions are designed as experimental group. A pooled analysis of Cancer and Leukemia Group B studies using a single 2 Gy fraction per day revealed a median survival of 19.9 months, 2-year PFS rate of 26%, and 5-year OS rate of 20% (8) . It appears that TRT at 70 Gy once daily results in similar outcomes as TRT at 45 Gy BID. We obtained similar results, with 2-year OS and PFS rates of 56.4 and 33.8%, respectively. A meta-analysis on the dose-response relationship in LS-SCLC patients showed that increased BEDs of TRT were correlated with prolonged survival and highlighted the potential clinical benefits of radiation dose escalation within the limited duration of TRT (13) .
Patients with LS-SCLC who achieved CR after combined chemoradiotherapy demonstrated a higher median OS than patients who achieved PR (OS of 21.8 months vs. 14.9 months, respectively) (24) . We also observed a median survival of 29.1 months in patients who achieved CR with concurrent TRT, compared with 20.5 months reported in patients with non-CR (data not shown). In a comparison of the underlying characteristics between patients with CR and non-CR in our study, we observed a significant difference in treatment duration and BED of TRT, because we did not escalate the dose of TRT in certain patients with a good response at administration of 50 Gy in 2 Gy fractions. Currently, we routinely prescribe a dose of TRT of at least 60 Gy in 2 Gy QD.
There were several limitations in our study. First, the timing of TRT was not consistent. Approximately 62% of the patients received early TRT; the administration of delayed TRT could affect patient survival and the evaluation of prognostic factors. Second, in our study, a higher dose of radiation was administered to patients with slow tumor regression. This resulted in poorer survival outcomes than in the lower-dose group and potentially led to a selection bias in the survival analysis.
In conclusion, patients with stage IIIB LS-SCLC who underwent CCRT demonstrated poorer survival outcomes than did those with stage IIA or IIIA LS-SCLC. SER was an important factor associated with the survival of patients who received 45 Gy TRT BID or 48 Gy TRT SIB, and more than 50 Gy CCRT QD. The best survival outcomes were expected in patients who exhibited CR with SER ≤70 days.
